Unique subpopulations of specialized metabolic sensing neurons reside in a distributed network throughout the brain and respond to alterations in ambient levels of various metabolic substrates by altering their activity. Variations in local brain substrate levels reflect their transport across the blood-and cerebrospinal-brain barriers as well as local production by astrocytes. There are a number of mechanisms by which such metabolic sensing neurons alter their activity in response to changes in substrate levels, but it is clear that these neurons cannot be considered in isolation. They are heavily dependent on astrocyte and probably tanycyte metabolism and function but also respond to hormones (e.g. leptin and insulin) and cytokines that cross the blood-brain barrier from the periphery as well as hard-wired neural inputs from metabolic sensors in peripheral sites such as the hepatic portal vein, gastrointestinal tract, and carotid body. Thus, these specialized neurons are capable of monitoring and integrating multiple signals from the periphery as a means of regulating peripheral energy homeostasis. (Endocrinology 152: 2552-2557, 2011) S pecialized neurons in the brain act in concert with glial elements to form a metabolic sensing unit that senses metabolic and hormonal signals generated in the periphery as a means of informing the brain as to the metabolic status of the body. The purpose of this review is to provide a broad overview of some of the issues involved in this field with regard to the mechanisms, locations, and potential physiological functions of these sensing units.
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Who are the metabolic-sensing elements of the brain?
Mayer first proposed that neurons might sense changes in blood levels of metabolic substrates (glucose) as a means of regulating food intake (1) . Not until the 1960s and 1970s were such neurons that altered their activity in response to changes in ambient glucose and fatty acid levels demonstrated in the brain (2) (3) (4) . Originally called glucosesensing neurons, it is now clear that such neurons respond to a diverse array of metabolic substrates, hormones such as leptin and insulin, and cytokines that are transported into the brain from the periphery or are produced locally in the brain. Thus, the terms metabolic-or nutrient-sensing neurons are often used to describe them (5) . Unlike the majority of neurons that use these substrates to fuel their metabolic demands (6 -8) , metabolicsensing neurons also use these same substrates to modulate their membrane potential, firing rate, transmitter and peptide release, and gene expression. Most importantly, these neurons do not act alone but also require the support of astrocytes and probably tanycytes to perform as a metabolic-sensing unit. Although not the focus of this review, this metabolic-sensing unit also receives important neural inputs from peripheral metabolic sensors, which have a major impact on its function (5) . modulating either the onset or duration of individual meals during the normal diurnal cycle. They are, however, critical in stimulating both feeding and counterregulatory responses when glucose availability falls (9 -13). Also, whereas infusions of fatty acids into the brain and/or manipulation of brain fatty acid metabolism can alter feeding, peripheral glucose metabolism, and glucose-induced insulin secretion (14 -20), some of these findings likely reflect the use of nonphysiological concentrations and routes of administration of various fatty acids. Similarly, there are studies suggesting a role for amino acid sensing in the regulation of food intake, but these are based on amino acid deficient diets (21) or drug effects (22). Because metabolic substrates gain access to the brain by transport across the blood-and/or cerebrospinal fluid-brain barriers, administration of substrates directly into the brain or ventricular system runs the risk of producing nonspecific toxic or inflammatory effects that do not mimic true physiological conditions (23). Also, the assumption that such responses are due to direct effects on metabolic-sensing neurons (24) is often belied by the fact that many manipulations have their primary actions on astrocytes (25-27). Thus, until all of these caveats are addressed, it remains to be seen what the true physiological roles of metabolicsensing neurons might be in regulating overall energy and glucose homeostasis in the body.
Where are metabolic-sensing neurons located?
There is a great heterogeneity of cell types, functions, and locations among metabolic-sensing neurons. Glucosensing neurons have been identified in a number of brain sites including the hypothalamus, medulla, basal ganglia, and amygdala and are loosely connected within a distributed network (28). Among the best characterized are those involved in the regulation of energy homeostasis such as the proopiomelanocortin and neuropeptide Y/agouti-related peptide neurons in the arcuate hypothalamic nucleus (ARC) and orexin neurons of the lateral hypothalamic area (29 -32). The general lack of specific markers for metabolic-sensing neurons means that most of them must be identified by physiological studies in each candidate area. One exception is glucokinase (GK), a low-affinity hexokinase that initiates glycolysis in pancreatic ␤-and ␣-cells and appears to be a specific marker for glucosensing neurons (29, 33-37). GK mRNA and/or protein are localized in discrete hypothalamic, diencephalic, basal ganglia, amygdalar, and various hindbrain areas, many of which have physiologically identified glucosensing neurons (4, 35, 38 -41) . Much less is known about any specific characteristics of the astrocytes and tanycytes that provide metabolic and trophic support to these metabolicsensing neurons. However, it is clear that astrocyte characteristics do vary markedly as a function of their anatomical location and physiological functions (42).
How do neurons sense metabolic substrates?
Most substances enter the brain by facilitated transport across the blood-brain barrier, which is composed of vascular endothelial cells separated by tight junctions and astrocytic foot processes that abut these vessels (43). The requirement for transport means that extracellular brain glucose levels are 10 -25% of plasma levels, depending on the brain area and the physiological state of the animal. When plasma levels fall to 4 -5 mM during fasting, brain levels fall to approximately 0.4 -0.7 mM. They rise to 1.5-2.5 mM after a large carbohydrate meal (11, 44, 45). Importantly, even in structures that lie adjacent to the median eminence, which lacks a blood-brain barrier, tanycyte processes lining the base of the third ventricle prevent diffusion from the median eminence to neurons in the ARC and ventromedial (VMN) hypothalamic nuclei (11, 46). On the other hand, substances that enter cerebrospinal fluid by crossing the blood-choroid plexus barrier can potentially reach metabolic-sensing neurons in the ventromedial hypothalamus by diffusion through the fenestrations separating individual tanycytes lining the base of the third ventricle (46).
Glucosensing neurons
There are two types of glucosensing neurons that are either excited (GE) or inhibited (GI) as ambient glucose levels rise (28) (Fig. 1) . These responses occur either as a result of intracellular glucose metabolism (33, 36, 37, 47, 48) or by propagation of an electrogenic potential generated by interaction of glucose with a glucose transporter or channel (49, 50). The best-characterized metabolic pathway by which glucose excites neurons involves the transport of glucose into the neuron, predominantly by glucose transporter (Glut) 3, and phosphorylation by GK. This initiates glycolysis, the oxidative production of ATP, the elevation of the ATP to ADP ratio with the inactivation of an ATP-sensitive K ϩ (K ATP ) channel, the depolarization of the cell membrane causing calcium influx via a voltagedependent calcium channel, and the propagation of an action potential (28, 48) ( Fig. 1 ). Up to 65% of GE and 45% of GI VMN neurons express GK (36), whereas 54 and 42% of medial amygdalar GE and GI neurons express GK, respectively (38).
Other GE neurons requiring glucose metabolism use AMP-activated protein kinase (AMPK) (51) and a K ATPindependent channel, which is activated at high, likely nonphysiological (Ͼ5 mM) glucose levels (52). Additionally, some lateral hypothalamic orexin/hypocretin neurons are activated by astrocyte-derived lactate (53) (Fig. 1 ). On the other hand, some ventromedial hypothalamic GE neurons are activated by the interaction of high levels of glucose (3-15 mM) with a sodium-glucose cotransporter, a process that propagates an electrogenic potential leading to membrane depolarization without the requirement for intracellular glucose metabolism (49).
Activation of GI neurons at low glucose levels is also mediated by either intracellular glucose metabolism or nonmetabolic pathways (Fig. 1 ). About 45% of VMN GI neurons use GK as a gatekeeper (36, 37) and then recruit AMPK-regulated generation of nitric oxide to inhibit a chloride channel, possibly the cystic fibrosis transmembrane receptor ( Fig. 1) , causing membrane depolarization and activation (54). Additionally, approximately 50% of the inhibition of GI neurons at high glucose levels is modulated by the formation of reactive oxygen species during glucose oxidation (39). On the other hand, activation of some lateral hypothalamic orexin/hypocretin GI neurons at low glucose occurs by closure of a leak-like K ϩ channel of unknown type, a process that does not require intracellular metabolism of glucose (50), (Fig. 1) .
Fatty acid-sensing neurons
Up to 70% of ARC and VMN neurons are either excited or inhibited by long-chain fatty acids such as oleic acid (39 -41). Within the VMN, 90% of the glucosensing neurons also have their activity altered by fatty acids. In a large percentage of these neurons, glucose and fatty acids have opposing effects on neuronal activity, much as they do on intracellular metabolism in many other cells (55). Neuronal fatty acid-sensing mechanisms include activation of the K ATP channel by long-chain fatty acid acyl coenzyme A (56) or inactivation by generation of ATP or reactive oxygen species during mitochondrial ␤-oxidation (39 -41, 57). Many fatty acid-sensing neurons are activated by interaction of long-chain fatty acids with the fatty acid transporter/receptor, FAT/CD36, presumably by activation of store-operated calcium channels by a mechanism that is independent of fatty acid metabolism (39). Importantly, most neurons use fatty acids primarily for membrane production rather than as a metabolic substrate (58, 59), and only nanomolar concentrations of fatty acid are required to alter the activity of fatty acid sensing neurons in the absence of astrocytes (39). Although cerebral lipids are both produced in the brain and transported into it from the periphery (58, 59), the mechanism of this transport and the actual levels of various fatty acids in the extracellular space in the brain remain largely unknown.
The metabolic-sensing unit

Astrocytes
Astrocytes are essential for both neuronal metabolism and metabolic sensing and are a critical component of the so-called tripartite synapse, which also includes the preand postsynaptic processes of neurons (60) . Astrocytes take up glutamate released by neurons, use it for their own cellular metabolism, and recycle the resultant glutamine for neuronal metabolism (27). They also take up glucose, metabolize, and release it as lactate or store it as glycogen (27). Although the exact degree to which neuronal metabolism is dependent on astrocyte-derived lactate is still controversial (61), it is clear that neurons can take up lactate via monocarboxylate transporters (62) and convert it to pyruvate for oxidative production of ATP (27). Because lactate bypasses most regulatory glucosensing pathways, alterations in astrocyte lactate production by transmitters such as norepinephrine, dopamine, serotonin, glutamate, and ␥-aminobutyric acid (63) can override the effects of glucose on neuronal glucosensing (53, 64). Perhaps the most important function of astrocyte lactate production from glycogen is to provide an energy reserve to support neuronal function during hypoglycemia (65).
FIG. 1.
Model of the interrelationship among various types of glucosensing neurons, cerebral microvessels, astrocytes, and tanycytes within the ventromedial (VMH) and lateral hypothalamic area (LHA). GE neurons increase their activity in response to increasing glucose levels by the following: 1) glucose transport via Glut3 transporters, phosphorylation by GK, production of ATP by mitochondrial oxidation, and inactivation of the K ATP channel leading to membrane depolarization; 2) interaction with the sodium glucose co-transporter (SGLT) and metabolism-independent generation of an electrogenic potential; and 3) use of astrocyte-derived lactate, which is transported into neurons by monocarboxylate transporter 2 (MCT2) with conversion to pyruvate for oxidative production of ATP and inactivation of the K ATP channel. GI neurons are activated by the following: 1) low levels of glucose and GK-modulated phosphorylation leading to increased AMP levels, activation of AMPK, and closure of a chloride channel (possibly cystic fibrosis transmembrane receptor); and 2) activation of a K ϩ leak channel generating a metabolism-independent electrogenic potential. Tanycytes contain GK and Glut2 and may provide trophic support for glucosensing neurons. 3v, Third ventricle.
2554
Levin
Finally, the majority of fatty acid oxidation in the brain occurs in astrocytes (6) . Astrocytes can also produce ketone bodies (66) , which are exported and taken up by neuronal monocarboxylate transporters to serve as an alternate energy source for neuronal metabolism. AMPK is a major regulator of astrocyte ketone production (67) so that studies in which AMPK activity or other fatty acid metabolic pathways are altered may produce physiological effects primarily be altering astrocyte rather than neuronal metabolism.
Tanycytes
Little is known about the function of tanycytes in supporting neuronal metabolism. However, processes of tanycytes lining the ventral third cerebral ventricle divide the ARC and VMN into compartments and effectively prevent diffusion of substances such as glucose and larger molecules from the median eminence, which lacks a blood-brain barrier, into the ARC (11, 46). Presumptive GK-expressing glucosensing neurons line up along these processes suggesting a supportive role of tanycytes in metabolic sensing (Fig. 2) . Also, tanycytes express both Glut2 and GK, which makes them potentially glucosensing themselves (68) . Transient destruction of third ventricular tanycytes markedly impairs the counterregulatory response to glucoprivation, and this is reversed when they regenerate. Clearly much work is required to further elucidate the role of these intriguing cells as members of the metabolic sensing unit.
In summary, select neurons throughout the brain use metabolic substrates from the periphery to alter their activity as a means of sensing and possibly regulating the metabolic status of the body. The function of these metabolic-sensing neurons is dependent on the support of neighboring astrocytes and tanycytes. Although much is known, conflicting results derived from sometimes ambiguous study designs mean that we still have a long way to go to understand the role of the metabolic-sensing unit in the regulation of energy homeostasis in the body. 14 
